Abstract-Pneumothorax is the medical condition caused by the air concentration inside the pleural cavity, the space between the lung and the chest wall. Apart from traditional diagnostic methods, it can be detected by using microwave sensors that capture variations in reflected electromagnetic field (EMF). Sex and obesity, related to the internal composition of the biological tissues, can influence the reflected EMF and therefore the sensor diagnostic ability. This paper investigates the effect on the performance of a proposed on-body dual-patch antenna sensor for pneumothorax diagnosis, due to inter-subject variability in underlying tissue structure. The sensor operates at frequency range of 1-4 GHz. The challenge of the paper is to propose frequency bands for robust and safe sensor operation. S 12 parameter alternation versus frequency is assessed for healthy and pathological cases. Implemented thorax numerical models include modified (i) closed rectangular multilayered and (ii) MRI-based anatomical ones. In rectangular models, thickness and configuration of muscle, fat and bone tissues are varied, according to literature. Additionally, sex-related anatomical differences are taken into account in MRI-based models. All scenarios are solved using Finite Difference Time Domain method. Results revealed that the proposed frequency bands lie within 1-2.7 and 2.9-3.5 GHz, for muscle, 1.4-3.5 GHz for fat and 1-2.2 and 2.8-3.5 GHz, for bone variations. Numerical evaluations for accurate anatomical models verify the findings.
INTRODUCTION
Pneumothorax is the abnormal collection of air or gas in the pleural space that separates the lung from the chest wall. The trapped air presses the lung and affects normal respiration, drastically. Progressive build-up of pressure in the pleural space pushes the mediastinum to the opposite hemithorax and obstructs venous return to the heart. This leads to circulatory instability and may result in traumatic arrest. If pneumothorax is not diagnosed and treated on time, it can cause lung collapse and a life threatening emergency. The reported causes of pneumothorax include: chest injuries during an accident, underlying lung diseases, ruptured air blisters or mechanical ventilation. Pneumothorax is categorized to (i) primary spontaneous, which occurs in healthy people and is not caused by an injury and (ii) secondary, which is related to a pre-existing disease. The overall person consulting rate for pneumothorax (primary and secondary combined) in England reaches 0.24 a year for men and 0.1 a year for women [1] .
Pneumothorax is normally diagnosed using a chest X-ray. Computerized tomography (CT) scan may be also needed to provide more detailed images. However, during emergencies, a portal, lowcost and easy-to-use instrumentation should be available in ambulances. During the last decades, wireless modules for body-worn applications have been developed and applied in the field of microwave healthcare monitoring, facilitating the disease prediction and diagnosis. Microwave imaging utilizes lowpower on-body antennas that can describe non-invasively the internal structure of underlying tissues, by monitoring the reflected electromagnetic field. Such applications are reported in plenty medical cases, like mammography [2] and stroke diagnosis [3] .
This study presents the performance characteristics of a compact microwave sensor, composed by two low-power patch antennas, for non-invasive and real-time pneumothorax detection [4] . The proposed sensor detects the reflected electromagnetic wave that alters in amplitude and phase due to the underlying trapped air, which differs significantly in dielectric properties from the surrounding biological tissues. The scope of the present work is to reveal the effect of inter-subject variability of the internal anatomical tissue structure on the performance of the proposed microwave sensor, used for pneumothorax diagnosis. Inter-subject variability factors such as gender, weight, height, obesity and fitness level can influence the thickness of the underlying tissues, mainly fat and muscle. The big challenge is to overcome such factors and detect the frequency bands where pneumothorax can be diagnosed safely and independently of the examined patient profile. For this purpose both rectangular layered and MRI-based thorax models are applied. The rest of the paper is structured as following: Section 2 provides the theoretical background of the applied methodology and the numerical models of the dual patch antenna sensor and thorax phantoms. Application scenarios and results are presented and discussed in Section 3, while the paper concludes in Section 4.
MATERIALS AND METHODS

Background for Air Detection Methodology
Assume a homogeneous electromagnetic plane wave propagating in free space on z direction, vertically incident onto a structure of N successive layers of biological tissue:
where k 0 = ω √ ε 0 µ 0 is the wave number for free space, ω the angular frequency, ε 0 the permittivity, and µ 0 the magnetic permeability for free space. The amplitude of the electromagnetic wave reflected by or transmitted through the body depends strongly on the dielectric properties of the tissues. The complex relative permittivity of a biological tissue is expressed by the Cole-Cole equation [5] 
where ε r is the relative permittivity and σ the conductivity. The penetration depth and the wavelength of the electromagnetic wave that propagates into the biological tissue are respectively expressed by:
where λ 0 is the free space wavelength. As well known, δ and λ depend on frequency and tissue dielectric properties ε r and σ. The dominant biological tissues from the skin to the pleural cavity of thorax are: skin, fat, muscle and bone, in case of the ribs. In order to define frequency region of interest, δ and λ are calculated for skin and fat, i.e., tissues that respectively correspond to high and low water-content, at f = 1 and 10 GHz. Penetration depth δ varies from 20.7 to 1.8 mm for skin and 71.1 to 5.7 mm for fat, while wavelength λ from 50.1 to 5.7 mm for skin and 134.2 to 15.3 mm for fat. Since the average chest wall thickness (CWT) does not exceed 35 mm [6] and the required sensor's resolution is 5-20 mm [7] , the frequency range of 1-4 GHz is considered sufficient for the antenna sensor, as described in detail in [8] .
Dual Patch Antenna Sensor
In order to detect the air layer into the body, a sensor built from two planar patch antennas is applied [4] . Each patch is 1.44 × 1.44 cm 2 . A square (2.9 × 2.9 cm 2 ) dielectric substrate made of Rogers RO3210 (ε r = 10.2 and tan δ = 0.003, thickness = 0.2286 cm) interposes. The patch is fed at 0.5 cm offcenter on x-axis by coaxial cable through its substrate. The detailed geometry of the antenna is depicted in Fig. 1(a) , while in Fig. 1 (b) the corresponding printed patch antenna is shown. In Fig. 1 (c) simulated and measured data for reflection coefficient S 11 in free space are presented. Simulations have been carried out using Finite Difference Time Domain (FDTD) [9] and Finite Element methods (FEM) [10] , implemented in the corresponding software platforms: SEMCAD-X 14.8.4 [11] and Ansys HFSS 15.0 [12] . The S 11 difference in FEM and FDTD results is due to differentiation in feed pin modeling. Measurements have been performed with a Keysight Technologies PNA Vector Analyzer, N5221A 10 MHz-13.5 GHz [13] . Satisfactory agreement is achieved. The maximum shifting in resonant frequency is found between FDTD simulations (2.82 GHz) and measured patch 1 (3.07 GHz). Differences between the two measured patches are due to fabrication issues and are considered minor. Additionally, the far field radiation pattern as computed in HFSS is illustrated in Fig. 1 (d) at 3 GHz, for z > 0, i.e., above the ground plane. After rigorous investigation [4] , the relative antennas' configuration which was proved to be most effective, considering the air detection ability resulted to antennas intermediate separation distance of 2 cm and crossed positioning of the coaxial feeding probe.
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Tissue Numerical Models
The healthy and pneumothorax implemented torso are numerically simulated by using rectangular and anatomical models. In detail, the following models are applied: THORAX: A closed rectangular multilayered thorax numerical model. It consists of dry skin, fat, air and inflated lung, in order to model a typical closed section of the thorax in the intercostal space (no rib present). The dimensions of the model are based on the average values of two anatomical MRI-based Virtual Family whole-body models, Duke and Ella [14] . Duke and Ella correspond to 34-year-old male and 26-year-old female, respectively. Therefore, THORAX model has width (x axis): 324.90 mm, depth (z axis): 200.20 mm while height (y axis) is selected equal to λ 0 free space wavelength at f = 1 GHz (i.e., 300 mm). The surrounding skin layer thickness is set stable to 5 mm at both x and z axes and 0 mm at y axis, representing the thorax cut. The lungs are modeled as box, based again on the averaged Pneumothorax is modeled by entering 10 mm of air layer between fat and lung tissues. The tissue layers into the THORAX phantom are illustrated in Fig. 2(a) . The relative crossed configuration of the two patch antennas onto the skin surface of the THORAX is illustrated in Fig. 2(b) . DUKE and ELLA: A section of the thorax (including lungs) of two anatomical Virtual Family whole-body numerical models, Duke and Ella. The thorax sections DUKE and ELLA have been modified in order to model a typical pneumothorax case. The following approach has been applied: lungs are scaled down to 85% in x (width) and y (depth) axes, resulting to air gap of 1.5-2.0 cm (Fig. 2(c) ). The air extent is selected according to British Thoracic Society that defines that distance between the pleural surface and the lung edge of 2 cm or more represents a pneumothorax that occupies at least 50% of the affected hemithorax [7] .
RESULTS AND DISCUSSION
Performance of the Dual-Antenna Sensor onto THORAX
The performance of the dual-antenna sensor for the selected configuration is assessed based on differential simulations of the S 12 variation onto healthy and pathological THORAX. In order to illustrate the sensitivity of the sensor, Figure 3 plots the S 12 variation onto thorax within 1-4 GHz frequency range for air thickness varying from 0.5 to 2 cm, with 0.5 cm step. It is obvious that the sensor provides satisfactory diagnostic performance from 0.5 cm, enabling the early pneumothorax diagnosis. Moreover, as the air layer becomes thicker, the S 12 difference increases slightly in the frequency range of interest. In [15] detailed comparison between simulated and measured diagnostic performance for a very similar to THORAX model experimental thoracic phantom is carried out. It is concluded that sensor performance and sensitivity are verified. In following application scenarios, it has been decided to use air thickness of 1 cm, as reference in THORAX model, which corresponds to the half thickness of 2 cm, specified by British Thoracic Society [7] for pneumothorax definition.
Application Scenarios
In order to evaluate how the internal tissue structure can influence the diagnostic ability of the sensor, the simplified THORAX phantom is used as a reference. The inter-subject and sex structural variability is studied by varying the thickness of muscle, fat and bone layers that interpose between fat and lung (or air in case of pneumothorax). Therefore, apart from the THORAX phantom, the following modified phantoms are assessed: i) muscle thickness at 0 (reference: THORAX), 5, 10, 15, 20, 25 mm (6 cases), ii) fat layer thickness at 0, 5, 10, 15 (reference: THORAX), 20, 25 and 30 mm (7 cases), iii) bone layer thickness at 0 (reference: THORAX), 5, 10, 15 mm and rectangular ribs of 15 mm width with 15 mm intercostal space (6 cases). In the last modeling, the alternation between gap and rib is inverted, in order to change the tissue structure below the two patch antennas. The ribs width and the average intercostal space are both set to 15 mm, which are based on literature [16] . The range of tissue thickness values is based on sex-related data, body regions of examination and inter-subject variability, due to obesity or fitness factors. More specifically, when the sensor is placed onto the chest, the internal tissue structure is mainly composed by muscle in men (more than 20 mm in DUKE) and by breast fat in women (almost 30 mm in ELLA). However, the sensor is expected to be applied onto the anterior second intercostal space (ICS) at the midclavicular line (MCL) and in the lateral forth intercostal space of the affected hemithorax. These two locations are considered the most common regions [17] where the air is trapped during pneumothorax, given the lying position of the patient. These regions are selected due to the minimal thickness of underlying intermediate tissues (fat and muscle) and to the smallest distance to the trapped air. In all evaluations, healthy (air thickness: 0 cm) and pneumothorax (air thickness: 1 cm) are compared. The dual-antenna sensor is placed onto the skin surface (Fig. 2(b) ) of all modified tissue phantoms and the S 12 coefficient is calculated, assessing its potential differentiation, due to the presence of air close to the lung. Additionally, the two patch antennas (#1 and #2) are placed onto DUKE and ELLA chest (Fig. 2(d) ), modeling the worst-case differentiation, due to sex-related anatomic significant difference in fat and muscle composition. Due to skin curvature, the applicator mismatch is corrected by adding water, between skin surface and antennas' patches [4] . Table 1 provides the underlying tissues' thickness in the two XY planes that correspond to the level of each patch feeding.
Tissues are clustered in two categories: a) 'connective tissue+muscle+cartilage' and b) 'fat+breast' in both DUKE and ELLA models, based on similar dielectric properties that characterize each category. Indicatively, at frequency of 2.3 GHz, the dielectric constant of first category's tissues vary between 40 and 53, while for the second category the variation is restricted between 5 and 11. All electromagnetic In detail, for muscle thickness from 0 to 25 mm (Fig. 4(a) ), there is no frequency band, where the sensor can diagnose pneumothorax with safety. On the contrary, for fat thickness variation between 0 and 30 mm (Fig. 4(c) ), and bone between 0 and 15 mm (Fig. 4(e) ), S 12 variation ranges are separated even for a narrow frequency band, which is 1.4-2.3 GHz and 1-2.2 GHz, respectively. If during the patient examination, the sensor is placed onto the side of the affected hemithorax, in between the ribs, avoiding large muscles (e.g., for men: pectoralis major muscle) or fatty regions (e.g., for women: breast), the tissue thickness variation can be restricted to a more realistic range, corresponding to muscle range from 0 to 5 mm (Fig. 4(b) ), fat from 0 to 15 mm (THORAX) (Fig. 4(d) ) and bone between 0 mm and 15 mm rectangular ribs of different relative configuration to the patch antennas (Fig. 4(f) ). Expansion of the above restricted ranges would spoil the sensor diagnostic performance. Now, the two regions are distinguished more easily, enabling the differentiation between pneumothorax and healthy cases. More specifically, muscle variation results to safe case distinction within the frequency bands of 1-2.7 and 2.9-3.5 GHz, fat within the band of 1.4-3.5 GHz and bone within the bands of 1-2.2 and 2.8-3.5 GHz. Last, in order to illustrate the distinction of the mean values variation within 1-4 GHz, the absolute (a) difference in mean variation between healthy and pathological cases is plotted in Figs. 4 (g) and (h) corresponding to the wide and narrow tissue thickness range, respectively. It is concluded that for the wide tissue thickness range, the difference in mean values is more than 10 dB within 1.5-2.1 GHz for fat and bone variation while for the narrow range, the difference is more than 10 dB within 1.6-2.0 GHz for muscle and bone and within a wider band (1.5-3.0 GHz) for fat. These findings are verified adequately by the concluded frequency bands where the diagnosis is safe, for each tissue thickness range. However, it should be emphasized that non-overlapping of the extremes (min and max values) of the S 12 variation range is the safest way to categorize healthy and pathological case, taking into account the tissues thickness variation.
DUKE and ELLA: Worst-Case Sex-Related Internal Anatomic Structure Variation
As mentioned above, the positioning of the two antennas onto the chest of the realistic models DUKE and ELLA corresponds to representation of the worst-case scenario of the sensor application ( Fig. 2(d) ). This is due to the relatively large thickness of muscle in DUKE and fat in ELLA. Fig. 5(a) illustrates the thickness and composition of the underlying tissues below the sensor's patch #1 in 'healthy' DUKE and ELLA models. Comparison of the S 12 variation within the frequency range of 1-4 GHz, between healthy and pneumothorax cases is plotted in Fig. 5(b) . The maximum differentiation is located at 2.3 GHz in DUKE and 1.7 GHz in ELLA, reaching 7 dB and 19 dB respectively. These frequencies are within the band of 1.5-2.5 GHz, found for canonical problems, where the safe diagnosis of pneumothorax is enabled, as depicted in Figs. 4(b) , (d), (f). The electric field distribution is also assessed on XY plane, for these frequencies, at the height of patch feed #1, for healthy and pneumothorax case in DUKE (Fig. 5(c) ) and ELLA ( Fig. 5(d) ). the actual input power of the patch antenna #1, should not exceed 49 mW, which will result to the maximum value of psSAR 10 g (2 W/kg) in DUKE.
CONCLUSIONS
This work assesses the performance of a proposed microwave pneumothorax sensor in relation to intersubject variability in the internal tissue composition. Our contribution is to extract the frequency bands where pneumothorax can be diagnosed independently of the examined patient profile, concluding to a safe and robust sensor. Evaluating muscle, fat and bone thickness in modified planar torso models, the frequency bands lie within 1-2.7 and 2.9-3.5 GHz, for muscle, 1.4-3.5 GHz for fat and 1-2.2 and 2.8-3.5 GHz, for bone. In realistic application scenarios, the worst-case positioning of the sensor onto the chest of anatomical models verifies the findings of the canonical scenarios. More specifically, the frequencies (2.3 GHz in male and 1.7 GHz in female model), for which healthy and pneumothorax cases are clearly distinguished, are located within the band of 1.5-2.5 GHz, where the safe diagnosis of pneumothorax is enabled. In future, the findings will be verified by measurements on customized experimental thorax phantom and by conducting in-vivo experiments on samples of supervised pigs. The described methodology is indented to be tested with broadband antenna sensors, as well.
